Interaction of Cu(II) and Gly-His-Lys, a growth-modulating tripeptide from plasma, was investigated by 11C-and 'H-n.m.r. and e.p.r. spectroscopy. The n.m.r. linebroadening was interpreted in terms of major and minor species formed as a function of pH. The results indicate that the n.m.r. line-broadening is due to the presence of minor species in rapid exchange and not due to the major species in solution, which has a large tM. It is concluded that the technique of 13C-and 1H-n.m.r. line broadening, caused by paramagnetic Cu(II) ion, should be undertaken with caution, since the method may not be useful for obtaining structural information on the major species. The e.p.r. spectra over a wide pH range are almost entirely due to similarly co-ordinating species. Starting at pH 5.5, the narrowest absorption near 340mT shows superhyperfine structure, which comes out sharply in the pH region 6.0-9.6. The spectra in this pH range showed the seven lines of nitrogen superhyperfine splitting, indicating clearly the co-ordination of three nitrogen atoms to Cu(II). The e.p.r. parameters in the medium pH range, A,, = 19.5mT and gi, = 2.21, fit well with the contention that Cu(II) is ligated to Gly-His-Lys through one oxygen atom and three nitrogen atoms in a square-planar configuration.
The tripeptide glycyl-L-histidyl-L-lysine has been co-isolated with copper and iron from human plasma in association with the albumin and aglobulin fractions at about 200ng/ml (Pickart & Thaler, 1973 Schlesinger et al., 1977; Pickart et al., 1979) . It has been proposed that the peptide acts synergistically with these transition metals to alter the growth and metabolism of cultured hepatoma cells and hepatocytes. There is also the evidence that the peptide forms complexes with the transition metals before it interacts with cells.
Analyses of the solution equilibria of the Cu(II)-Gly-His-Lys system over a wide pH range indicated the presence of multiple species in solution (Lau & Sarkar, 1981) . The results also showed that the tripeptide was able to compete with albumin for Cu(II) at physiological pH. The combined spectroscopic-potentiometric studies suggested the structure of a major complex species as the one that involves a carboxy group, one imidazole group and two other types of nitrogen atoms (Lau & Sarkar, 1981; Sarkar et al., 1983) . But an X-ray-crystallographic study of a Cu(II)-Gly-His-Lys complex t To whom correspondence should be addressed.
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showed the existence of a tridentate bonding structure involving the imidazole group, the a-amino group and a peptide backbone nitrogen atom, a structure similar to the one found for the Cu(II) complex of Gly-His (Blount et al., 1967) . However, the much higher value of the log (stability constant) of complex species MA (log1610, = 16.44) in the Cu(II)-Gly-His-Lys system, as compared with the corresponding Cu(II) complexes formed by Gly-His and Gly-His-Gly [where M and A represent Cu(II) ion and anionic peptide respectively](log ,l,l = 8.68 and 8.52 respectively) (Agarwal & Perrin, 1975) , raised the possibility of the involvement of an additional group in the coordination. The enhanced stability could be attributed to the involvement of either the carboxy oxygen atom and the imidazole, amino and peptide nitrogen atoms, or the carboxy oxygen atom and the a-amino, imidazole and s-amino nitrogen atoms (Lau & Sarkar, 1981; Sarkar et al., 1983) . Such an assignment is consistent with a square-planar Cu(II) complex with an observed visible-absorption maximum at about 610nm (Bryce & Gurd, 1966 Spin-lattice relaxation-time (T, in seconds) measurements were performed by the inversion recovery technique (Freeman & Hill, 1971 ) by using the (1800-r-900-T)5 pulse sequence method, where r is a variable time delay, T> 5(T1)max., and (T)miax.
is the longest longitudinal relaxation time to be measured. The value of the spin-lattice relaxation time is given by using a semi-logarithmic plot:
where A is observed intensity and A,, is equilibrium intensity. The accuracy of T, values was + 10%.
The 'H-n.m.r. spectra were obtained on a Cameca 250 spectrometer equipped with a Nicolet B-NC 12 computer system operating at a probe temperature of 220C. Variable temperature was measured to within +20C, by using the OH chemical shift of methanol or of ethylene glycol. The system was locked on the internal 2H20. Peptide concentrations were approx. 10mM. All chemical shifts ('3C and 'H) were reported in p.p.m. downfield from internal 4,4-dimethyl-4-silapentane-1-sulphonate.
Paramagnetic relaxation by Cu(II)
The presentation and analysis of the n.m.r. results given below are based on theories and experimental procedures that have been extensively discussed in the literature (Swift & Connick, 1962; Luz & Meiboom, 1964) .
The effects on the longitudinal (T -') and transverse (T2p-') relaxation rates of the observed nuclei due to the unpaired electron of a paramagnetic metal are obtained by subtracting the relaxation rate measured in the absence of the paramagnetic metal (T,o-0I T20-'), from the rate observed in the presence of the paramagnetic metal ion (Tlobs. -1 T2obs-). The paramagnetic effect then is:
(2) 
(5) where p is the ratio of metal ions to ligand molecules, q the number of co-ordinated ligands per metal ion, TM the average residence time of the ligands in the bound form, and TiM and T2M are the longitudinal and the transverse relaxation time of the bound ligand respectively. TIM and T2M are given by the classical Solomon-Bloembergen equations (Solomon, 1955; Bloembergen, 1957; Bloembergen & Morgan, 1961) .
For the case of slow exchange, TM > T1M, T2M, the Swift-Connick equation reduces to:
TI,2p-1 =pq-rm (6) and when the exchange is very fast the conditions TM < T1M, T2M exist and the limiting equation is:
T,2 -7=pq T 2M- (7) Frequency-and temperature-dependence studies of linewidth provide experimental tests to show if slow or fast exchange is operating. With Cu(II), fast exchange is often assumed (Laussac & Sarkar, 1980a) . In this condition, T1p/T2p = T1M/T2M and the evaluation of this ratio is a diagnostic test for the magnetic dipolar mechanism. Indeed, in Cu(II) complexes, TiM-1 has been shown to be wholly dipolar and proportional to the inverse sixth power of the distance from the carbon to the metal, whereas T2M-1 is not (Espersen & Martin, 1976) . If, however, the dipolar term dominates the linebroadening and T2M-1', the ratio T1M/T2M = 7/6. If the scalar mechanism is important, TlM/T2M> 7/6.
In such a case, selective broadening experiments may not reflect the explicit r-6-distance-dependence of the dipolar term, even though they may still be used to determine the sites of Cu(II) binding. E.p.r. spectra X-band e.p.r. spectra were obtained on a Bruker ER 200 D spectrometer at 1 10 and 293 K. Samples were frozen in liquid N2 in quartz tubes. The variation of the spectrum of Cu(II)-Gly-His-Lys (10: 1) as a function of pH was done by titrating the complex at room temperature.
Results and discussion pH-dependence ofchemical shifts As a preliminary step to studying the bonding properties of Gly-His-Lys, we have monitored the pH-dependence behaviour of the peptide in 2H20.
Assignments of the chemical shifts to specific protons and carbon atoms were made by combined use of decoupling experiments and titration effects.
Classical pH titration curves of all the proton and carbon resonances are obtained. With protons, the major changes occur in the histidine residue as a result of the charge change in the imidazole ring. (Rabenstein et al., 1977) .
Carbon resonances show also some important alterations. On increasing pH, the lowest-field carbonyl signal at about 177p.p.m. shows a downfield chemical-shift change. The pK, value of this change is 2.6, where the deprotonation of a lysine carboxy group occurs. A rapid downfield chemical shift of the signal near 169p.p.m. on going from pH 6 to 9 (PKa 7.9) indicates the deprotonation of the a-amino group, and therefore this resonance was assigned to glycine CO. The histidine C(2) and C (4) carbons titrate downfield at pH <5 and yield 'normal' titration curves (Laussac & Sarkar, 1980b; Iyer et al., 1981 (Laussac & Sarkar, 1980b) .
T1 values are longer at 62.86 MHz than at 22.63 MHz owing to the expected frequency-dependence of T1 (Doddrell et al., 1972) . The derived correlation time associated with molecular motion in solution was determined from field-dependent studies of T1 values of protonated carbon atoms. The average ratio of the T1 value at both frequencies is approx. 1.6, which corresponds to a rotational correlation time of approx. 2.10-10s, which is the order of magnitude expected for a particle of the size of Gly-His-Lys (Laussac & Sarkar, 1980b) .
Addition of Cu(II) ions to solutions of GlyHis-Lys, in peptide/metal ratios of 500: 1, produces significant changes in the 13C-n.m.r. spectrum. pared with lysine C02-. This is the expected result if one considers that in acidic solution the carboxy group is capable of interacting with a Cu(II) ion. The fraction of carboxylic acid that is protonated is in rapid equilibrium with the deprotonated one, accounting for the overall broadening. As the pH is raised (5.9), the imidazole C(2)' C (4) and C(5) and histidine C(A) signals exhibit remarkable linebroadening at pH close to the pK. value of the N-3 imidazole nitrogen atom. It is also noted in Fig. 1 that both the N-and the C-terminal ends of the Gly-His-Lys molecule (glycine CO, glycine CH2 and lysine CO2-) are affected by metal at this same pH. With increasing pH, both lysine CO2-and lysine C(a) signals again sharpen when the pH rises above 7.5. At still higher pH values (10.4), imidazole C(2), C(4) and C(5)' histidine C(p), glycine CO and glycine C(a) remain largely broadened, but the more interesting observation is that lysine C(8) and lysine C(f) signals are very much affected by Cu(II) ions, as the E-amino group becomes deprotonated. Results in basic solution are very different from the observation encountered with the albumin N-terminal tripeptide: Asp-Ala-His-NHMe (Laussac & Sarkar, 1980a) . Indeed, no line broadening was observed for any carbon resonances above pH 10. The sharpening of the signals with increasing pH was explained by the slowing down of the exchange rate (with respect to the n.m.r. time scale), which renders the metal ion ineffective in interacting with excess ligand, so that all the resonances are observed (Laussac & Sarkar, 1980a) .
Overall results are supported by the data obtained from 'H-n.m.r. experiments. The effect of pH titration for the Cu(II)-Gly-His-Lys system is exactly what one should expect.
In order to elucidate the mechanism of the relaxation time, T2p, at different pH values, we studied the temperature-and frequency-dependence of linebroadening. Indeed, the effect of temperature on the observed values of T2 -1 can be used to determine the dominant (slowestS process (Luz & Meiboom, 1964) . The logarithm of the broadening of the
C(2)-H, C(5)-H and glycine CH2 resonances by
Cu(II) as a function of the inverse of the temperature is shown in Fig. 2 (Dwek, 1973) . In experiments with Cu(II), the ligand is always in very large excess. The average stoicheiometry of the species present is unknown, and the interpretation assumes only that exchange of free ligand and bound ligand is fast on the n.m.r. time scale, i.e. each resonance corresponds to the weighted average of unbound and bound ligand. [Recently we have observed an unusual behaviour of a copper-bound peptide. Indeed, in the case of Cu(II)-binding to the 24-residue peptide fragment from the N-terminal of human serum albumin, it is necessary to use a very low ligand/Cu(II) ratio (approx. 2: 1) to observe the broadening. This unusual effect strongly suggests that the system is in slow exchange (J.-P. Laussac & B. Sarkar, unpublished 
work).]
Results obtained from temperature-variation experiments are opposite to that expected in a fast-exchange limit. This may be due to the fact that in the observed pH region the Cu(II) ions compete with different species. Hence this can be explained easily by the presence of major and minor species, as TIpIT2P   210  65  190  1300  1100  180  50 suggested by several workers (Kuroda & Aiba, 1979; Gairin et al., 1982) . This is consistent with our earlier observation of multiple species in the Cu(II)-Gly-His-Lys system (Lau & Sarkar, 1981 broad absorption results from the rapid tumbling of the relatively small hydrated Cu(II) ions. Co-ordination of lysine C02-is not expected to change much the broad absorption line. Above pH 3, when a stronger chelate-like complex begins to form, additional absorptions appear at higher fields and we observe the partly resolved four-line pattern of a typical Cu(II)-peptide complex (Fig. 3) . Over a wide pH range, the observed spectrum is almost entirely due to similarly co-ordinating species with g0= 2.121 at pH4.1 and 2.110 at pH 10.7 and an isotropic hyperfine coupling constant averaging 8.5mT in the pH interval 4.1-10.7. Starting at pH 5.5, the narrowest absorption near 340mT shows superhyperfine structure, which comes out sharply in the spectra in the pH range 6.0-9.6. Seven superhyperfine lines could clearly be discerned that are measured accurately. The nuclear hyperfine structure All is resolved on the g,, part of the spectrum. However, superhyperfine structure of the g1 position is poorly resolved. Nevertheless, the e.p.r. parameters in medium pH, A1 = 19.5 mT and g = 2.21, fit well with previously determined data on co-ordination spheres including one oxygen atom and three nitrogen atoms (Formicka-Kozlowska et al., 1977) . Peisach & Blumberg (1974) have pointed out that All and gI, vary with the composition of the ligand atoms bound to the Cu(II). Thus a structural assignment of a given Cu(II) complex can be made on the basis of its position in the plot of Al versus gil, e.g. the effect of increased electron-donating ability on the e.p.r. parameters is to decrease gil and increase A I . Our results are compatible with three-nitrogen and one-oxygen (3N, 10) ligation around Cu(II). The e.p.r. spectrum is typical of axial symmetry and can be assigned to that of a mononuclear Cu(II) complex with d,2_,2 ground state.
The relatively large A value and the observations of the nitrogen superhyperfine splitting (AN= 1.1 mT) confirm that the ligand field is likely to be square-planar around the Cu(II) atom.
In conclusion, if our e.p.r. results clearly show that the co-ordination around Cu(II) in the major species is square-planar involving the carboxy oxygen atom and three nitrogen atoms, our n.m.r. data should be interpreted with caution. Indeed, broadening reflects only the presence of very rapidly exchanging minor species and the results are not useful in elucidating binding sites of stable major species, since the broadening would not be observable at the high ligand/metal ion ratios employed.
Note added in proof (Received 1 December 1982) After the present paper was submitted for publication, a paper on the 'Structure of glycyl-L-histidyl-L-lysine-copper(II) in solution' was published by Freedman et al. (1982) . These authors reported that Cu(II)-Gly-His-Lys forms a 1: 1 complex at physiological pH. Their conclusion is based on e.p.r. experiments performed in ethylene glycol/water (1: 1, v/v), which is suspect for the exact determination of pH. According to our earlier studies of the Cu(II)-Gly-His-Lys system in aqueous solution, we have shown 100% of 1 :1 complex at approx. pH 5, but at physiological pH there is about 60% of 1:2 (bis species) complexes (Lau & Sarkar, 1981) . A small variation in pH, due to the use of the ethylene glycol/water system near neutrality, can produce large changes in complex species, raising the possibility of serious errors in the estimation of the stoicheiometry. Furthermore, if their e.p.r. determination of the stoicheiometry by titration is correct, the error is at least ±10%, since it is difficult to measure the amplitude of. g because of the very broad peaks.
